Hormone therapy for prostate cancer eventually fails leading to a stage called hormone-resistant (HR) disease. To investigate the issue about the characteristics and the radiation response in HR prostate cancer, we established HR cell sub-lines, 22RV1-F and 22RV1-DF, from 22RV1 cells with androgen deprivation for 16 weeks, and obtained LNCaP-HR from LNCaP with long-term bicalutamide treatment. We examined their sensitivities to radiation therapy and the underlying mechanisms. In vitro and in vivo faster tumor growth rate was noted in the HR prostate cancer cells when compared with control. Moreover, HR prostate cancer cells had greater capacity to scavenge reactive oxygen species, and suffered less apoptosis and senescence, and subsequently were more likely to survive from irradiation as measured by clonogenic assay in vitro and growth delay in vivo. The decreased p53 and increased mouse double minute 2 oncogene (MDM2) might be the potential underlying mechanisms for the more aggressive growth and more radioresistance in HR prostate cancer cells. In conclusion, HR prostate cancer cells appeared to be more aggressive in tumor growth and in resistance to radiation treatment. Regulation of the expressions of p53 and MDM2 should be the promising treatment strategies for relative radioresistant prostate cancer.
Introduction
Because the initiation and progression of prostate cancer depend on androgen receptors (AR) to mediate the androgen effect in most cases (Chang et al. 1995) , standard hormone therapy aims to inactivate AR transcription by androgen deprivation (through surgical or medical castration). However, the essential most of prostate cancers that show initial favorable regression after androgen deprivation eventually become a hormone-resistant (HR) phenotype (Tilley et al. 1996 , Craft et al. 1999 . There is increasing evidence that several mechanisms contribute to the androgen-independent progression of HR prostate cancer cells, including AR mutation, AR overexpression, and p53 status (Tepper et al. 2002 , Hara et al. 2003 , Chen et al. 2004 . P53 could regulate AR-mediated signaling in prostate cancer cell lines (Sengupta & Wasylyk 2001 , Shenk et al. 2001 , Cronauer et al. 2004 , and reduction of p53 function by antisense p53 contributes to the phenotype of HR prostate cancer cells (Agus et al. 1999 , Burchardt et al. 2001 . Moreover, p53 plays a central role in detecting DNA damage and is crucial for the responses to treatment of various cancers (Polyak et al. 1997 , Sablina et al. 2005 , Chen et al. 2006a . Therefore, we proposed that HR prostate cancer might appear to be different in treatment responses in addition to tumor characteristics when compared with androgensensitive cells.
Radiation therapy (RT) is an important treatment modality for localized prostate cancers. Clinical trials have shown that a combination of hormone treatment (neoadjuvant and adjuvant) and curative radiation treatment leads to better local control and diseasefree survival of prostate cancer patients than radiation treatment alone, especially for high-risk patients (Roach 1999 , Lee 2006 . However, to our knowledge, there are few studies to demonstrate the difference of the radiation response between androgen-sensitive and HR prostate cancer cells. Furthermore, the patients with history of long-term hormone treatment seemed to have higher biochemical failure rates after RT, according to the preliminary clinical observation in our department. It triggers an unsolved issue in clinical; if the prognosis and the response to standard curative treatment might be different between patients with HR prostate cancer induced by too long-term hormone treatment and those with androgen-sensitive prostate cancer.
Therefore, we investigated the tumor growth, sensitivity to irradiation, and the cellular mechanisms that may facilitate resistance to irradiation, in human HR prostate cancer cells by the experiments in vitro and in vivo.
Materials and methods

Cell cultures
Human prostate cancer cells, LNCaP, 22RV1, and PC-3, were obtained from the American Type Culture Collection, and maintained in RPMI 1640 medium (Gibco, Carlsbad, CA, USA) with 10% FBS. LNCaP and 22RV1 are androgen-responsive prostate cancer cell lines. However, in contrast to androgen-dependent growth of LNCaP, 22RV1 can grow in androgendeprived medium, with slower proliferation rate. To establish the HR cells from 22RV1, we cultured 22RV1 cells in RPMI with 10 nM flutamide (antiandrogen; Sigma Chemical Co.), and with 10% fetal bovine serum (FBS) or 10% dextran-coated charcoaltreated fetal bovine serum (DCC-FBS). The culture conditions were intended to mimic the clinical situation in which the prostate cancer patients receive hormone therapy. After 16 weeks of culture, these cells grew significantly faster than 22RV1 in 10% FBS without flutamide (22RV1-C) and those were designated as 22RV1-HR (22RV1-F and 22RV1-DF). 22RV1-F was generated in androgen-containing medium with anti-androgen treatment, and 22RV1-DF in androgen-depleted medium with anti-androgen treatment. LNCaP-HR cells were obtained form LNCaP after long-term (more than 16 weeks) culture in RPMI with 10% FBS and 2 mM bicalutamide (obtained from Zeneca). In addition, PC-3 is an androgen-independent prostate cancer cell line that expresses neither AR nor p53.
Cell growth and clonogenic assay
For time-course studies, cells were seeded in six-well plates (1!10 5 cells/well) and counted with a particle counter over 8 days. To determine the intrinsic cellular radiosensitivity, we used a clonogenic assay. Exponentially growing cells were irradiated with single doses of 0, 3, 6 or 9 Gy using a 6 MeV electron beam, and then immediately counted, diluted, and plated on 60 mm culture dishes. After incubation at 37 8C for 14 days, the plates were stained with crystal violet (Sigma) for colony counting. Colonies containing more than 50 cells were scored, and plating efficiency and surviving fractions were determined for each cell line. To determine the effects of concurrent flutamide treatment on radiation-induced cell death, cells were pretreated with 10 nM flutamide for 3 days before irradiation. After irradiation, flutamide was retained in the cell culture for a further 24 h and then the media were replaced. To examine the sensitization to radiation by genistein (Li et al. 2005) , cells were pretreated with 60 mM genistein (Sigma Chemical Co.) for 24 h before irradiation. After irradiation, genistein was retained in the cell culture for a further 24 h.
Immunoblot analysis
The cells were disrupted in lysis buffer: 50 mM Tris (pH 8.0), 120 mM NaCl, 0.5% NP40, 10 mg/ml phenylmethylsulfonylfluoride, and 1! protease inhibitor cocktail (Calbiochem, La Jolla, CA, USA). Protein concentrations were determined by a Coomassie Blue assay (Bio-Rad). Equal amounts of protein were loaded on SDS-PAGE gels. After electrophoresis, the proteins were transferred to nitrocellulose membrane. The blot was probed with anti-p53, anti-MDM2, and anti-AR antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and then the membrane was incubated with horseradish peroxidase-conjugated second antibody and detected by enhanced chemiluminescence (ECL). The membrane was re-probed with 1:1000 diluted mouse anti-b-actin or anti-r-tubulin antibodies to normalize the protein loading. To directly determine the effect of p53 on AR expression in vitro, 22RV1 was transfected with wild-type p53 expression plasmid (V p53 ; Chen et al. 2006a) . The protein was extracted 36 h after transfection.
Intracellular free radical generation 2 0 7 0 -dichlorofluorescein diacetate (DCFH-DA) is an indicator of intracellular H 2 O 2 and free radicals (Shenk et al. 2001) . Briefly, cells were washed with PBS and incubated in phenol red-free and serum-free medium containing 20 mM DCFH-DA for 15 min, then Senescence-associated-b-galactosidase (SA-b-Gal) activity SA-b-Gal is a biomarker for senescent cells. We determined SA-b-Gal activity using a senescence detection kit from BioVision (Mountain View, CA, USA) according to the manufacturer's instructions. One week after 3 Gy irradiation, cells were treated with fixative solution in 12-well cultures and then incubated with the SA-b-Gal staining solution at 37 8C overnight. Senescent cells were identified by blue staining under standard light microscopy. A total of 1000 cells were counted in five random fields to determine the percentage of SA-b-Gal-positive cells.
Flow cytometric analysis for apoptosis
Cells were irradiated (6 Gy in a single fraction) with a 6 MeV electron beam generated by a linear accelerator at a dose rate of 300 cGy/min. Apoptosis was determined by the percentage of cells staining positively for Annexin V and PI 12 h after irradiation (Pharmingen, San Diego, CA, USA). To directly determine the effects of p53 and MDM2 on the death of 22RV1-C and 22RV1-DF cells respectively, we detected apoptosis in 22RV1-C 24 h after transfection with p53 siRNA, and in 22RV1-DF 24 h after 60 mM genistein treatment (Li et al. 2005) .
Immunoprecipitation
Immunoprecipitation was performed as described previously (Chen et al. 2006b ). MDM2 was immunoprecipitated from prostate cancer cells by anti-MDM2-AC (Santa Cruz). The immunoprecipitates were collected by centrifugation at 10 600 g for 5 min in a microfuge, resuspended in 10 ml of denaturing solution (10% SDS, 4.5% ß-mercaptoethanol) and subjected to western blotting with anti-AR.
Tumor xenografts
Cells (1!10 6 cells per animal and five animals per group) were subcutaneously implanted on the right dorsal gluteal region of 5-week-old male Balb/c nude mice with castration or control condition. The tumor size was measured every 3 days after each tumor cell type was seeded into the animals (day 0). The tumor volume was calculated assuming an ellipsoid shape. To determine the effect of androgen on tumor growth, the growth curves of the tumors in castrated nude mice were determined by the relative volumes, normalized to the volume in control male mice at day 21 around 1 cm 3 for each cell type respectively. Furthermore, we determine the radiation sensitivity for each cell type in vivo, irradiation with 20 Gy was performed at day 21 in male nude mice and the tumor size was measured every 3 days subsequently. The radiosensitivities of different xenografts were indicated by growth delay, i.e., the time required after irradiation for the tumor to recover its previous volume.
Results
Cell growth in vitro
The effects of long-term hormone treatment on human prostate cancer cells were determined by growth curves, first. We counted the number of cells from day 0 to day 8, when cells were treated with different durations of androgen deprivation. After 2 weeks of culture, 22RV1 cells in RPMI with 10 nM flutamide and either 10% FBS or 10% DCC-FBS grew more slowly than 22RV1-C; but 22RV1 cells in RPMI with 10 nM flutamide and 10% FBS started to grow faster than 22RV1-C after 4 weeks (Fig. 1A ). 22RV1 cells with 10% DCC-FBS appeared to grow more rapidly than 22RV1-C up to 8 weeks of androgen deprivation (Fig. 1B) . After 16 weeks of anti-androgen treatment, Fig. 1C shows that 22RV1-HR (22RV1-F and 22RV1-DF) grew significantly faster than 22RV1-C and were at a similar rate to PC-3 cells. In addition, we found that LNCaP-HR also appeared to have significantly rapid growth than control cells (Fig. 1D ).
Tumor growth in vitro
For in vivo measurements, five xenograft tumors from each cell type were checked by pathologists after H&E staining ( Fig. 2A) . Figure 2B shows that 22RV1-C was androgen-sensitive prostate cancer cells with significantly slower tumor growth in castrated mice when compared with those in control mice. As shown in Fig. 2C and D, androgen deprivation had no inhibitory effect in 22RV1-DF xenografts, while partially inhibiting the growth of 22RV1-F xenografts.
Response to radiation treatment
The effects of androgen deprivation on radiation sensitivity were determined by clonogenic assay and tumor growth delay. Androgen-sensitive and HR Cells were exposed to single radiation doses of 0, 3, 6, or 9 Gy, and their survival curves were determined by Endocrine-Related Cancer (2007) 14 633-643 www.endocrinology-journals.org colony-forming assays. Figure 3A shows that concurrent androgen deprivation failed to radiosensitize 22RV1 cells. In contrast, HR cells induced by longterm androgen deprivation had significantly greater radioresistance when compared with control cells, which was noted in both 22RV1 and LNCaP ( Fig. 3B and C). To determine the radiation sensitivity in vivo, irradiation was performed when tumors grew into around 1 cm 3 in nude mice. The tumors were exposed to a single radiation dose of 20 Gy and the growth delay was determined by measuring tumor size every 3 days after irradiation. The growth delays for 22RV1-C, 22RV1-F, and 22RV1-DF were 18, 12, and 9 days respectively. The results showed that 22RV1-DF xenografts appeared more radioresistant (Fig. 3D) .
Increase of ROS, apoptosis, and senescence after irradiation ROS are thought to be important mediators of radiation damage. We measured intracellular ROS in 22RV1-C and 22RV1-HR cells 1 h after 6 Gy irradiation. Intracellular ROS levels were lower in 22RV1-HR than in 22RV1-C with and without irradiation (Fig. 4A) . The similar presentation was noted in LNCaP-HR and LNCaP cells (Fig. 4B) . The apoptosis rate 12 h after 6 Gy irradiation treatment was increased from 13.1G3.1 to 27.9G2.5% in 22RV1, from 7.5G 2.3 to 13.3G2.4% in 22RV1-F, and from 6.7G2.1 to 12.6G1.8% in 22RV1-DF as revealed by Annexin V and PI staining (Fig. 4C) . In addition, we demonstrated by SA-b-Gal staining that 6 Gy irradiation increased cellular senescence in 22RV1 significantly more than in 22RV1-F and 22RV1-DF, 1 week after irradiation (40G5.7, 23G3.5, and 21G2.9% respectively; Fig. 4D ).
p53 and MDM2 expression
We examined p53 expression by western blotting, in irradiated and non-irradiated cells, to determine whether p53 plays a role in the more rapid proliferation 
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www.endocrinology-journals.org and less radiosensitivity of HR cells. As shown in Fig. 5A , HR cells expressed less p53 than control in 22RV1 and LNCaP. We further measured the apoptosis rate in 22RV1 after transfection with p53 siRNA. Figure 5B reveals that inhibition of p53 decreased the apoptosis rate in 22RV1-C with or without irradiation. Moreover, the increased MDM2 expression was also noted in HR cells (Fig. 5C ). To further demonstrate the role of MDM2 in the radiosensitivity, we regulated the MDM2 expression by genistein. We performed western blot analysis and clonogenic assays on these cell lines after genistein treatment. As shown in Fig. 5D , MDM2 was inhibited by 60 mM genistein in irradiated 22RV1-HR, and the decrease of MDM2 was associated with increased p53. Moreover, clonogenic assays showed that downregulated MDM2 by genistein increased the radiosensitivity of 22RV1-HR in addition to causing cytotoxicity (Fig. 5E ).
AR expression
AR expression, which is regulated by p53, is reportedly altered in AI prostate cancer cells. Moreover, AR is ubiquitinated by an E3 ligase, MDM2. To investigate further the relationship between AR expression and the status of p53 and MDM2, we measured AR expression and the interaction between AR and MDM2 in control and HR cells. In vitro, AR expression was greater in HR than in control cells (Fig. 6A) . In addition, 22RV1-HR xenograft tumors also appeared to have higher AR expression in vivo (Fig. 6B) . After up-regulation of p53 by transfection with V p53 in 22RV1-C, AR expression was decreased (Fig. 6C) . However, we did not find the decreased AR expression in 22RV1-F and 22RV1-DF from immunoprecipitation experiments using antibody against MDM2 (Fig. 6D) .
Discussion
Before the initiation of high dose rate (HDR) prostate brachytherapy in our hospital, some patients with localized prostate cancer refused to receive definite external radiotherapy or surgery and were treated with long-term hormone therapy alone. Because of rising prostate specific antigen (PSA), 12 patients came to receive re-staging and HDR brachytherapy in the first year. According to our clinical observation, the abovementioned 12 patients had significantly lower 5-year biochemical failure-free rates when compared with the other 39 patients with similar stage distributions but without long-term hormone therapy (50 vs 84%, PZ0.0069). Although the number of patients is limited, we hypothesize that the response of HR prostate cancer is different from that of androgensensitive prostate cancer. To test the hypothesis and investigate the underlying mechanisms further, we examined the tumor characteristics of HR prostate cancer cells in vitro and in vivo. It was noted that both 22RV1-F and 22RV1-DF proliferated more aggressively than 22RV1-C in vitro. However, in vivo, the 22RV1-F experienced partial androgen dependence with less rapid tumor growth in castrated mice than that in control mice. The discrepancy in tumor growth of 22RV1-F in vitro and in vivo might be possible due to flutamide withdrawal syndrome (Veldscholte et al. 1992 , Schellhammer et al. 1997 . The 22RV1-DF xenografts, which, induced by the condition mimic the clinical total androgen block situation, demonstrated rapid tumor growth independantly of androgen treatment. We further examined the effects of antiandrogen treatment on radiation response of prostate cancer cells. Similar to other study, concurrent antiandrogen treatment had no radiosensitization effect (Pollack et al. 2001) . However, the HR cells induced by long-term anti-androgen treatment appeared more radioresistant than the androgen-sensitive 22RV1 cells. Although 22RV1 cells, like the LNCaP, have androgen-responsive AR and p53 expression (Tepper et al. 2002 , van Bokhoven et al. 2003 , Cronauer et al. 2004 , they expressed a truncated AR and exhibited a partial androgen-insensitive type (Tepper et al. 2002) . Therefore, we further examined the cellular growth and radiosensitivity in LNCaP-HR. Similar to the presentation of 22RV1, the more rapid growth and radioresistance were noted in LNCaP-HR when compared with LNCaP cells.
Ionizing radiation can induce many different cell death processes, including apoptosis, necrosis, mitotic catastrophe, and senescence, and the biological effects of RT are largely mediated by reactive oxygen intermediates (Hall 2000 , Tulard et al. 2003 , Brown & Attardi 2005 . In this study, more RT-induced apoptosis, cellular senescence, and a greater increase of ROS were noted in control cells when compared with HR cells. P53 plays an important role in the ability of scavenging ROS and DNA repair, and potentially contributes to the increased cell death and radiosensitivity (Achanta & Huang 2004 , Sablina et al. 2005 , Chen et al. 2006a . Moreover, several studies revealed that the reduced p53 could induce prostate cancer cells to become androgen unresponsive and decrease the apoptosis induced by androgen deprivation (Colombel et al. 1995 , Burchardt et al. 2001 . Therefore, we further examined the status of p53 in HR. A significant decrease of p53 expression was noted in HR cells with or without irradiation. Furthermore, the RT-induced apoptosis was decreased in control cells after p53 knockdown, consistent with HR cells. Based on the findings, the more radioresistance with less apoptosis and greater ROS scavenging ability in HR might be contributed to the decreased p53 at least in part.
MDM2 has been reported to be a predictor of prostate carcinoma outcome (Khor et al. 2005) and is a negative regulator of p53 (Jones et al. 1995 , Levav-Cohen et al. 2005 . Inhibition of MDM2 expression may suppress prostate progression and increase the response to treatment reported in some studies (Wang et al. 2003 , Bianco et al. 2004 , Mu et al. 2004 . In the study, the increased MDM2 was associated with the decreased p53 in HR prostate cancer cells. We demonstrated that down-regulation of MDM2 by genistein significantly increased the cytotoxicity and radiosensitivity of HR prostate cancer cells, combined with increased p53 expression. Therefore, MDM2 is likely to play a role in the radioresistance of HR.
AR plays an important role in the tumorigenesis of prostate cancer, even for HR prostate cancers (Grossmann et al. 2001 , Zegarra-Moro et al. 2002 . Chen et al. (2004) reported that an increase in AR mRNA and protein was necessary to convert prostate cancer growth from a hormone-sensitive to a hormonerefractory stage. Here, we found that HR cells had higher AR expression. There is increasing evidence that p53 may directly regulate androgen signaling (Sengupta & Wasylyk 2001 , Shenk et al. 2001 . To ensure the effect, we analyzed the consequences of p53 overexpression on AR expression by the transfection of V p53 Furthermore, because MDM2 has recently been shown to catalyze AR ubiquitination and proteolysis in vivo (Lin et al. 2002 , Cha et al. 2005 , Gaughan et al. 2005 , we further examined whether HR prostate cancer had altered interaction between MDM2 and AR, which might be responsible for the increased AR. The results showed that p53 is an important regulator of AR expression, but the association between MDM2 and AR is not significantly changed.
By the experiments in vitro and in vivo, the results reveal some interesting findings. Long-term androgen deprivation might induce HR prostate cancer cells with more aggressive tumor growth and radioresistance. The decreased p53 and the associated increased AR and MDM2 may be crucial in the underlying mechanisms. Moreover, regulation of the expressions of p53 and MDM2 should be the promising treatment strategies for relative radioresistant prostate cancer.
